Structural, magnetic, and electrical properties of La 0.8 Sr 0.2 MnO 3 single crystals grown by the floating zone technique have been investigated using x-ray Laue diffraction, scanning electron microscopy ͑SEM͒, transmission electron microscopy ͑TEM͒, and atomic force microscopy and magnetic force microscopy ͑MFM͒ magnetization and resistivity measurements. The aim of this work was to identify growth defects and their possible correlation with the transport properties or magnetic self-organization. The analysis by x-ray Laue diffraction and SEM reveals large single crystal structure without any extended microdefects and with a homogeneous composition. TEM observations show nanometric defects present only in the central part of the grown rod and allow to identify these defects as nanocracks resulting from a high stress gradient during the growth. Transport measurements indicate that there is an effect of the variation of oxygen content but the conducting behavior between 300 and 5 K is not affected by the presence of the nanocracks. Moreover, the magnetic behavior of the single crystal, observed by MFM, shows that the magnetic ordering of the domains is strongly connected to the structural properties and the amount of defects.
INTRODUCTION
Intensive studies have focused in the recent years on Ruddlesden Popper compounds with general formula ͑La, Sr͒ n+1 Mn n O 3n+1 because of their unique properties such as colossal magnetoresistance ͑CMR͒, Jahn Teller effect, or metal-insulator transitions.
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Substitution of trivalent La by divalent Sr, which has a larger ionic radius, induces a mixed valence state Mn 3+ /Mn 4+ as well as associated lattice distortions. Although the parent compound LaMnO 3 is an antiferromagnetic insulator, the La by Sr substitution can produce compounds that exhibit ferromagnetism and a metal-to-insulator transition depending on the Sr 2+ content. The physics of these materials have now reached a more sophisticated level with a description through polaron effects due to strong electron coupling arising from Jahn Teller distortions. In order to correlate structural effects with physical properties, perfect single crystals are required for precise measurements of these properties. Attempts to grow large, high quality, single crystals have met some serious problems, the major ones being evaporation of manganese, distribution of elements between solid and liquid, and defect formation in the crystals.
Considering the growth conditions used in the floating zone technique, the molten zone is submitted to a high radial thermal gradient and to a strong convection due to the rotation and translation speed. For manganites, a large range of growth rates is employed, from 2.5 to 20 mm/ h. Moreover, physical properties are highly dependent on the nature of the defects as well as on their concentration. Considering the results of Hurle and Rudolph, 3 the growth rate can vary locally the defect content of dislocations or nanometric segregations. Their results indicate that slow growth rate favors dislocation formation.
Because defects and physical properties are highly correlated, we investigated the radial nature and distribution of defects during the crystal growth of La 1−x Sr x MnO 3 ͑with x = 0.2͒ under air using optical furnace.
We reported here the results on these growth experiments, together with their characterization by means of optical and electron microscopy ͓scanning electron microscopy ͑SEM͒ and transmission electron microscopy ͑TEM͔͒, energy dispersive x-ray spectrometry ͑EDX͒, x-ray Laue diffraction, resistivity, and scanning probe microscopies atomic force microscopy ͑AFM͒ and magnetic force microscopy ͑MFM͒.
EXPERIMENTAL PROCEDURE
Preliminary to the growth experiment, feed rods were prepared from metallic Mn, SrCO 3 , and La 2 O 3 high purity powders ͑99.99%͒, using a modified sol-gel route, so called "the modified citrate route." 4 All precursors were dissolved in nitric acid. Appropriate amounts of each solution were thoroughly mixed and ammonium citrate was added as complexant. At 80°C, the N , NЈ-methylenediacrylamide is added with ␣ , ␣Ј-azoisobutyronitrile ͑AIBN͒ as catalyzer in order a͒ Author to whom correspondence should be addressed; electronic mail: isabelle.laffez@univ-tours.fr to form a three-dimensional ͑3D͒ network gel. This gel is then calcined at 650°C and twice at 850°C to form the x-ray pure phase of La 0.8 Sr 0.2 MnO 3 .
According to the suggestions of Pinsard, 5 5% excess of Mn was incorporated in the starting composition to compensate for the volatile characteristic of Mn during subsequent crystal growth.
Another parameter, which has to be taken into account, is the distribution coefficient of some cations between melt and solid during the crystal growth. Considering previous results from Shulyatev 6 and Blabashov et al. 7 related to the distribution coefficient for compounds grown in air, it has been considered that this parameter is equal to 1 for the case of strontium; therefore, the stoichiometric ratio for Sr was maintained in the starting composition. The so-obtained calcined powders were compacted in 6 mm in diameter latex tubes and isostatically pressed under 300 MPa. The resulting rods were then sintered on ZrO 2 balls in alumina plates at 1150°C for 12 h in order to obtain long, straight, and dense feed rods which are critical parameters for subsequent crystal growth. The crystal growth experiment was handled using an optical floating zone furnace ͑Cyberstar͒ equipped with two 2000 W halogen lamps placed in semiellipsoidal mirrors and focusing onto one point. The sintered feed rod is hanging in the upper part of the furnace and aligned with the seed rod, fixed at the bottom part. To start the experiment, the power of the lamp is gradually increased until the tip of the feed rod is melting.
A previously grown feed rod, which is nonsingle crystal, was used as seed and brought into contact with the molten zone. The floating zone melt growth parameters were kept as follows: ambient air, growth rate 7 mm/ h for the feed rod and 5 mm/ h for the seed rod. A rotation speed of 20 rpm was applied on seed and feed rods in opposite direction in order to get a homogeneous molten zone in shape and in composition. The feed translation rate is higher than the seed one in order to supply sufficient material in the molten zone, allowing to grow 4 -6 mm diameter rod.
The obtained crystals were oriented by the Laue x-ray diffraction technique and their composition verified by EDX analysis ͑Oxford͒ coupled with SEM ͑Philips XL 40͒ for microstructural characterization.
TEM investigations were performed on ion milled samples prepared perpendicular to the ͑001͒ growth direction of the rod. Electron diffraction ͑ED͒, bright field ͑BF͒, and high resolution electron microscopy ͑HREM͒ images were obtained using Jeol 4000EX microscope, with a Scherzer resolution of 0.17 nm, while the energy filtered TEM ͑EFTEM͒ images were collected using a Gatan GIF 200 system using Philips CM30 microscope. The collection angle was 19.2 mrad. The conventional three-window technique was used to obtain element specific images.
Finally, we imaged the La 0.8 Sr 0.2 MnO 3 single crystal with an AFM ͑of NT-MDT society, solver P7-LS type͒ at room temperature ͑300 K͒. AFM is recognized for its potential in providing a diversity of information concerning interaction forces between the cantilever and the sample surface. Using this system, we simultaneously obtained topography images ͑noncontact mode͒ and measured the magnetic force gradient. For magnetic imaging ͑MFM͒, we used a commercial tip of silicon ferromagnetically coated ͑iron/nickel/ cobalt͒ of nominal spring constant ϳ3.5 N / m. We magnetized it along its axis by applying a magnetic field of 3000 G. Magnetic images were obtained in the MFM mode, using the lift mode option to separate short-range topographic interactions between sample and tip from long-range magnetic ones. AFM was also employed to provide information of different magnetic arrangements present at the sample surface.
RESULTS AND DISCUSSION
After 7 h of stable growth, the resulting boule was about 30 mm long and 5 mm in diameter with a smooth and shiny surface. The single crystal extracted from the boule was more than 20 mm long and extended over the whole rod diameter.
X-ray Laue pattern ͓Fig. 1͑a͔͒ taken from the cross section and the surface of the La 0.8 Sr 0.2 MnO 3 crystal indicated a c-axis misorientation of 5°-10°from the rod axis ͓Fig. 1͑b͔͒. This corresponds more or less to the ͓001͔ growth direction, which is different from the one observed by Prabhakaran 8 in the same compound grown under argon pressure ͑6-8 atm͒ at 6 -8 mm/ h; in their study, the growth direction was found to be the ͓110͔ this tends to show that the growth conditions and especially the atmosphere can significantly influence the intrinsic growth rate in the three crystallographic directions and can even modify the macroscopic growth directions. Notice also in Fig. 1 , the existence of split rows of dots, a signature of the twinned structure of the crystal.
Polished ͑a,b͒ planes cut out from the crystal, observed by an optical polarized microscope and by SEM, revealed a single grain microstructure in the major part of the rod, without visible microcracks or segregations. EDX analyses were carried out in many points and on several areas, indicating a homogeneous composition corresponding to La 0.81±0.02 Sr 0.20±0.02 Mn 0.97±0.02 O x .
The excess manganese has effectively evaporated from the melt and can be observed inside the cold parts of the quartz tube. This observation and the composition analysis confirm the volatility of Mn and the stability of Sr and La during the melt growth of this compound in this range of composition. The La content is found close to the stoichiometric composition, indicating that its distribution coefficient is close to 1 under these growth conditions. In order to investigate more accurately the nanostructure of the as-grown crystals, TEM observations were performed on ion milled parts of the ͑a,b͒ plane. La 0.8 Sr 0.2 MnO 3 ͑LSMO͒ at room temperature has a rhombohedral perovskite-based structure with space group R3c and lattice parameters a Ϸ 0.55 nm, c Ϸ 1.34 nm, and ␥ = 120°. For simplicity, the indexing will be referred to the perovskite cubic structure and the LSMO unit cell parameters will be expressed with reference to the pseudocubic lattice where a c Ϸ 0.39 nm.
Low magnification images and the corresponding ED patterns of two different areas located at the edge and at the center of the rod are shown in Figs. 2 and 3 , respectively. These two areas exhibit different structural properties. In the low magnification image of Fig. 2 , strips of different contrasts are visible; they are actually twin bands with the twin interface along one of the perovskite cube planes and a variable domain width ranging from 30 to 100 nm. In the corresponding ED pattern, the row of spots perpendicular to the ͕100͖-type twin boundary is split into two components; the magnitude of the splitting increases with increasing distance from the row of unsplit reflections. The magnitude of the splitting angle is Ϸ1.4°, as shown in Fig. 2 . The same phenomenon was also observed on the Laue diffraction pattern.
Twins are also present in the center of the rod. However, the most remarkable feature of the low magnification image of Fig. 3 is the presence of elongated defects along both basic perovskite directions. Two clear families of defects are visible in the image and are mutually perpendicular ͑the vertical ones being larger and longer than the horizontal ones͒. A HREM image of one of these defects ͑Fig. 4͒ shows that they consist of amorphous material. Energy filtered TEM images were obtained from one of these defects in order to clarify whether their formation is due to segregations or to the formation of nanocracks during crystal growth. Figure 5 shows the La, Sr, and Mn elemental maps from one of these defects located close to the center of the rod. The elemental maps, ͑EFTEM͒ show the presence of La, Sr, and Mn outside the defect area. The EFTEM therefore confirms the high homogeneity of the cationic distribution. Nevertheless, the maps show darker regions where the defects are located, indicating a depletion of all three elements. In the case of Sr, the noise is due to the relative high excitation energy and consequently the low excitation probability of the SrL 2,3 edge. Therefore, from the EFTEM results, it can be con- 
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cluded that there is no observable phase segregation, and the presence of elongated amorphous areas is more likely due to strain relaxation during the crystal growth.
These defects observed in the center part of the crystal rod, in spite of the single crystal character and the homogeneous composition obtained after the growth experiment, can be explained by the high melting point of the LaSrMnO ͑above 1800°C͒. A high temperature gradient is present between the core and the edge of the rod, which is not completely compensated by the rotation speed of the rod. In such a gradient, the crystal growth occurs from the edge toward the center of the rod, creating in the latter a high density of strains, which are compensated by defect formation such as twins or cracks. Different rotations, translation speeds, or diameters of the rod might modify the appearance of these defects, as already suggested by Hurle and Rudolph, 3 with a better thermal homogenization.
However, it should be interesting to investigate the influence of these growth defects on the transport properties and the magnetic interactions developed in this compound that could be useful for its potential applications.
The resistivity of the sintered rod as well as of the single crystal ͑center and edge͒ is presented in Fig. 6 . Grain boundary effects are clearly present in the polycrystalline sample. The "two step transition" completely disappears in the crystals, confirming their single domain structure. X-ray diffraction patterns and EDX compositions did not show any difference between sintered rod and crystal. Their densities are measured at 5.87 and 5.95 g / cm 3 , respectively, indicating logically a higher densification for the crystal. Resistivity measurements have been able to clearly make the difference between single crystal, secondary phase intergrowth, and sintered character of the samples.
The metal-to-insulator transition temperature T MI is determined from the derivative function d log / dT vs T ͑see Table I͒. The T MI values of the center and edge crystals are 305 and 308 K, respectively, which is consistent with the literature results [9] [10] [11] for the x = 0.2 composition in the La 1−x Sr x MnO 3 series. But these values, lower than the one determined for the ceramic ͑310 K͒, are in favor of a deficit in oxygen content. The Curie transition temperature T c was also determined by magnetization measurements using dM / dT vs T and compared with the T MI values ͑see Table I͒ . We can therefore state that for the present compound the T c and T MI values are very close to each other. However, a slight difference is observed between the edge and the center part of the cross section. The higher T MI at the edge confirms a better thermodynamic balance during the growth inducing less strain and also a higher oxygen content. Moreover, taking into account the resistivity in the insulator zone ͑T Ͼ 400 K͒, where both the edge and the center part of the crystal exhibit the same resistivity, it can be concluded that only a higher oxygen content can explain the weaker resistivity for the edge part in the metallic phase ͑at T =5 K͒ and that nanocracks do not play a significant role in the electrical transport properties. The resistivity is 10%-15% higher for the center part compared to the edge one ͑see inset of Fig. 6͒ . Finally we have studied, using nanoprobe microscopies ͑AFM and MFM͒, the effect of the nanocracks in the inner part of the boule on the magnetic interactions. The MFM technique permits, using a lift height after having recorded the topography in the noncontact ac-AFM mode, to image the magnetic domain structure which is behind the longrange magnetic interactions between the tip and the sample. [12] [13] [14] [15] The sample used in our experiment is an ͑a,b͒ crosssection cut from the single crystal bar ͑diameter= 4.5 mm, thickness= 1.5 mm͒. The material was mechanically polished until 250 nm grade to obtain a sufficiently flat surface in order to be able to lift the cantilever for magnetic domain imaging. The AFM was used to scan ͑10ϫ 10͒ m 2 areas and the resolution was optimized to 128ϫ 128 pixels per image. Five different locations were checked from the center toward the edge ͓from ͑1͒ to ͑5͒, see Fig. 7͑a͔͒ . The average roughness ͑Sa͒ of the topographic images is approximately 15 nm and the signal taken peak to peak gives a maximum variation in height of about 230 nm, consistent with the polishing grade. For more clarity, topographic images were fitted in plane and then the structures were raised and smoothened, using a dilate filter in a 3 ϫ 3 matrix and an arithmetic mean in a 5 ϫ 5 matrix. At the center ͑1͒, the topography presents a more cracked surface due to many structural defects ͓Fig. 7͑b͒, left͔. This could be explained by the growth mechanism of the material because of the large temperature gradient between the center ͑1͒ and the edge ͑5͒, consistent with the TEM observations.
Concerning magnetic images, one observes that topography and magnetism are not correlated. This confirms that we used a sufficiently large lift to make the cantilever sensitive only to magnetic long-range interactions. The magnetic images were realized on raw data, only one fit in the plane and a median filter in a 3 ϫ 3 matrix were operated. In order to facilitate the comparison between these two images, their representation is shown for ⌬ of ±1°. Everywhere, except at the edge of the crystal where domains spread more easily, magnetic domains were confined without any ordered structure. A more important point is the difference in domain size and in the measured phase shift between the center and the edge of the crystal ͑⌬ Ϸ ±1°͑1͒ and ⌬ Ϸ ±2°͑5͒, respectively͒. At this point, a remark has to be made concerning technical details. Using an alternative oscillating mode ͑ac-MFM͒, results are more sensitive to the magnetic field gradient than to the field itself. This can explain the results obtained in the external part of the rod. In fact, the best contrast is due to straight field lines that have to lock and which produce a stronger field gradient when emerging from the larger magnetic domains ͑as observed in zone 5͒. In conclusion, contrary to electrical transport properties, magnetic properties appear to be closely related to the appearance of the nanocrack density.
We have also considered the cross correlation on magnetic images ͑after image processing͒ ͑Fig. 8͒ in order to obtain more information about the interaction between the domains. For the center, the cross correlation image ͑1͒ presents a ring which is a typical signature of an amorphous structure of the magnetic domains. It means that the magnetic interactions are screened by amorphous domains of the crystal. On the other hand, it clearly appears that at the edge ͑5͒, the local interactions between magnetic domains are strong enough to induce an anisotropic behavior of the magnetic properties ͑Fig. 8͒. This is in favor of a privileged magnetocrystallographic axis. So, the anisotropic arrangement of magnetic domains seems to be related to the quality of the crystallinity and, moreover, to the absence of nanocracks. So the less defects we have, the more ordered the magnetic domains are independent of the twin boundary density which is almost constant over the whole sample.
We conclude, however, that there exists a direct link between nanocracks and the magnetic properties. AFM and MFM imagings have confirmed some differences in the magnetic domain sizes and their ordering due to the presence and the nature of defects. 16 
CONCLUSION
We have studied the effect of crystal growth on both the electrical and magnetic properties of La 1−x Sr x MnO 3 single crystals obtained using an image furnace. Large samples were obtained with the targeted composition ͑x = 0.2͒ and a ͓001͔ growth direction along the rod axis. These results evidence, once again, the importance of the experimental conditions and techniques used for the sample synthesis. A complete micro-and nanostructural characterization has been performed prior to the property measurements. On the one hand, it has been shown that nanocracks, which are present along the twin boundaries in the center of the rod, do not play any relevant role for the electrical transport properties. On the other hand, the magnetic order, evidenced only at the edge of the crystal, proves that magnetic interactions between magnetic domains are stronger when the amorphous cracks are absent.
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